Aging is a major risk factor for a large number of disorders and functional impairments. Therapeutic targeting of the aging process may therefore represent an innovative strategy in the quest for novel and broadly effective treatments against age-related diseases. The recent report of lifespan extension in mice treated with the FDA-approved mTOR inhibitor rapamycin represented the first demonstration of pharmacological extension of maximal lifespan in mammals. Longevity effects of rapamycin may, however, be due to rapamycin's effects on specific life-limiting pathologies, such as cancers, and it remains unclear if this compound actually slows the rate of aging in mammals. Here, we present results from a comprehensive, large-scale assessment of a wide range of structural and functional aging phenotypes, which we performed to determine whether rapamycin slows the rate of aging in male C57BL/6J mice. While rapamycin did extend lifespan, it ameliorated few studied aging phenotypes. A subset of aging traits appeared to be rescued by rapamycin. Rapamycin, however, had similar effects on many of these traits in young animals, indicating that these effects were not due to a modulation of aging, but rather related to aging-independent drug effects. Therefore, our data largely dissociate rapamycin's longevity effects from effects on aging itself.
Introduction
Aging is an important risk factor for a number of disorders and functional impairments. Therapeutic targeting of the aging process may therefore represent an innovative strategy in the quest for novel and potentially broadly effective treatments against diseases associated with old age, including neurodegenerative diseases, cardiovascular diseases, cancers, and type 2 diabetes mellitus (1).
The vast majority of current research that aims to identify novel anti-aging interventions uses lifespan measures as a primary readout to detect anti-aging effects. Mechanisms involved in cell growth and metabolism are commonly implicated players in lifespan regulation (2) . Specifically, the target of rapamycin (TOR) signaling pathway is an important and evolutionarily conserved player in longevity regulation, with effects in flies (3), worms (4, 5) , yeast (6, 7) , and mice (8) (9) (10) (11) . The recent report of lifespan extension in mice treated with the FDA-approved mammalian TOR (mTOR) inhibitor rapamycin (9) represented the first demonstration of pharmacological extension of maximal lifespan in mammals; additional studies have since confirmed this important finding (8, 10, 11) .
Extension of lifespan does not necessarily indicate effects on aging. Lifespan extension could be caused by isolated suppression of specific life-limiting pathologies, such as cancers. This is a plausible scenario, because rapamycin has known antineoplastic properties (12) (13) (14) , and cancers are the leading cause of death in many mouse strains, including C57BL/6J and all strains in which rapamycin was shown to have longevity effects (9, 15 ). An alternative scenario is that rapamycin's anticancer effects represent one aspect of a more general effect of this compound on aging.
Whether mTOR inhibition actually decelerates mammalian aging rates, then, remains unknown. Addressing this question requires determining whether rapamycin delays a broad range of age-dependent functional and structural alterations in a number of different cell types, tissues, and organ systems. While some recent reports suggest that rapamycin may indeed prevent aging phenotypes in addition to age-related mortality and cancer (8, 16, 17) , these reports are highly limited in scope, examining only a paucity of aging phenotypes and not accounting for potential aging-independent drug effects.
Here, we present results from a comprehensive, large-scale assessment of a wide range of structural and functional aging phenotypes (>150 molecular, cellular, histopathological, and functional aging phenotypes across >25 different tissues), which we performed to test whether rapamycin promotes healthy aging in male C57BL/6J mice.
Results
Rapamycin was previously reported to extend lifespan, even if treatment is initiated late in life (9) . To determine whether age of treatment onset is an important variable affecting the possible healthspan effects of the drug, we included 3 different cohorts in our study, in which rapamycin or vehicle control treatment commenced in young adulthood (i.e., at 4 months), in midlife (i.e., at 13 months) or late in life (i.e., at 20-22 months). Animals were treated with rapamycin for 1 year before analyses commenced (i.e., analysis at 16, 25, or 32-34 months, respectively), unless otherwise stated.
Rapamycin-induced lifespan extension is known to occur in mice of both genders (with larger effect sizes in females in a genetically heterogeneous stock of mice) (9, 10) . We therefore focused our study on one sex. We chose to analyze male mice because a proper analysis of females would have required taking into account phenotypic variation associated with the estrus cycle.
Rapamycin was detected in whole blood of treated animals and showed extensive tissue distribution (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI67674DS1), consistent with the known pharmacokinetic properties of the drug (18) . Survival analysis applied to all treated cohorts, and lifespan extension by rapamycin was demonstrated relative to corresponding vehicle controls (Figure 1 ), confirming previously reported longevity effects (8) (9) (10) (11) .
To determine whether rapamycin slows aging, we assessed a large number of structural and functional aging phenotypes in multiple cell types, tissues, and organs systems in our aging mouse cohorts. Based on their modulation by aging and/or rapamycin treatment, the resulting phenotypes could be categorized as: (a) aging phenotypes rescued by rapamycin (Table 1) ; (b) aging phenotypes not altered by rapamycin (Table 2) ; and (c) aging phenotypes worsened by rapamycin and/or influenced by rapamycin only (Supplemental Table 2 ). Traits in the first category (aging phenotypes rescued by rapamycin) may be related to retarded development of aging phenotypes under chronic rapamycin treatment, which would support the hypothesis that rapamycin slows aging. Alternatively, rapamycin may influence these traits in a direct way, without actually modulating aging. To test for aging-independent drug effects, we examined whether rapamycin affects the respective phenotypes in young mice (Table 1) . Traits affected similarly in young animals and aging mice are influenced by rapamycin in a direct way, not via a modulation of aging itself.
Rapamycin treatment resulted in aging-independent improvements of some age-associated neurobehavioral phenotypes. We started our assessment of age-related health parameters by testing neurological and behavioral functions in rapamycin-and vehicle-treated aged mice and young controls. A modified SHIRPA screen was used to examine general health, autonomous functions, reflexes, posture, movement, and spontaneous behavior. A subset of SHIRPA measures (presence of tremor and gait abnormalities) showed clear age-related changes that were not prevented by rapamycin treatment (Supplemental Table 3 ).
Motor coordination and balance was examined with the accelerating rotarod, which revealed age-related impairments that were not improved by rapamycin treatment (Figure 2 , A and B). Nociceptive functions were examined using the hot plate test, which demonstrated that aging increased reaction latencies on the hot plate, and these were not affected by rapamycin treatment (Figure 2 , C and D).
Exploratory activity was examined in an open field assay, in which mice were allowed to explore freely a novel environment. Mice of the 16-month cohort showed the expected strongly reduced levels of exploration, as evidenced by reduced distancetraveled measures and reduced number of rearings, and these reductions were improved by rapamycin treatment (Figure 2 , E and F). These results could indicate either that chronic rapamycin slowed the age-related decline in activity levels, or, alternatively, that chronic rapamycin could result in aging-independent effects on exploratory activity in mice. To distinguish between these possibilities, we tested open field exploratory activity in young adult male C57BL/6J mice that had been chronically treated with rapamycin or vehicle (see Methods). Rapamycin increased the number of rearings and the total distance traveled in these young mice (Figure 2 , G and H), which indicated that rapamycin increased exploratory activity in an aging-independent fashion.
Aging is associated with declining cognitive functions, including impairments in learning and memory formation (19) . We examined learning and memory in the animals using 3 different hippocampus-dependent memory paradigms: the Morris water maze, context fear conditioning, and an object place recognition task (Figure 3 ).
In the object place recognition task ( Figure 3A ), mice were allowed to explore an environment that contained 2 identical objects in
Figure 1
Rapamycin extended lifespan. Survival curves were calculated for rapamycin-and vehicle-treated mice (all cohorts; n = 68 per group). Statistical analysis using a Cox proportional hazards model with the data stratified by cohort revealed a significant effect of rapamycin treatment (P = 0.0326).
defined locations of the arena. During the test phase, the position of one of the objects was altered, while the other object remained in its previous location. Analysis of exploration times during the test revealed significant object/age interaction (P = 0.0293, 3-way ANOVA with age and treatment as between-subjects factors and object as within-subjects factors), indicative of preferential exploration of the object in the novel location by the younger animals and a lack of such preferential exploration in 20-month-old mice. Our analyses did not show a significant object/treatment interaction (P = 0.4889), which indicated that rapamycin treatment had no clear effect on object position memory in this task.
In the Morris water maze (Figure 3 , B-D), mice were trained to find an escape platform hidden underneath the water surface in a constant location of the pool. Analysis of escape latencies (Figure 3B ) during training indicated significant effects of aging and, possibly, rapamycin, such that escape latencies were increased in aged mice and were decreased by rapamycin treatment (P = 0.0021, P = 0.0548, and P = 0.2419 for age, treatment, and age/treatment interaction, respectively, 3-way ANOVA with age and treatment as between-subjects factors and training day as within-subjects factor). To test how accurately animals had learned the platform location, we gave a probe trial after completion of training, during which we removed the platform from the pool and analyzed the swim pattern of the animals. Analysis of the probe trial measures -quadrant occupancy and target crossings ( Figure 3 , C and D) -indicated that spatial learning and memory was significantly enhanced by chronic rapamycin treatment, regardless of age group (quadrant occupancy, P = 0.0021, treatment/quadrant interaction; target crossings, P = 0.4412, treatment/quadrant interaction; 3-way ANOVA with age and treatment as between-subjects factors and quadrant as within-subjects factor).
Associative learning and memory was analyzed in a context fear conditioning paradigm ( Figure 3E ). Conditioned fear was assessed 1 day after conditioning in the training context. Whereas age effects were not significant, rapamycin treatment significantly improved fear conditioning (P = 0.4623, P = 0.0018, and P = 0.1601 for age, treatment, and age/treatment interaction, respectively; 2-way ANOVA with age and treatment as between-subjects factors).
These findings indicated that chronic rapamycin treatment enhanced learning and memory on different tasks in our aged cohorts. To test whether rapamycin exerts effects on aging, or, alternatively, whether aging-independent drug effects accounted for the above results, we tested spatial learning and memory in the Morris water maze in the young adult male C57BL/6J mice chronically treated with rapamycin or vehicle. Rapamycin significantly reduced escape latencies during the training trials (P = 0.0190, 2-way ANOVA with treatment as between-subjects factor and training day as within-subjects factor; Figure 3F ). Analysis of the probe trial measures -quadrant occupancy and target crossings ( Figure 3 , G and H) -showed a significant treatment/quadrant interaction for the target crossings measure (P = 0.0411 and P = 0.2456 for target crossings and quadrant occupancy, respectively; 2-way ANOVA with treatment as between-subjects factor and quadrant as within-subjects factor), indicating that young rapamycin-treated animals searched in a more selective fashion during the probe trial than vehicle controls. Consistent with a previous report (20) , these data demonstrated that learning and memory in the Morris water maze is enhanced by chronic rapamycin treatment in an aging-independent manner. There is a known strong age-dependent decline in adult hippocampal neurogenesis (21) . Our quantitative assessment of doublecortin (DCX) immunoreactivity in the dentate gyrus showed a loss of DCX in aged animals (Supplemental Figure 1) , consistent with a substantial decrease in the neurogenic capacity of the aged hippocampus. Chronic rapamycin treatment tended to increase dentate gyrus DCX immunoreactivity in aged animals, but this effect was far from reaching statistical significance.
Rapamycin had no effect on age-related reductions in grip strength and cross-sectional muscle fiber area. Aging is accompanied by progressive loss of muscle mass and muscle force (22) . We recorded 2-paw (i.e., forepaw) and 4-paw grip strength measurements in aged rapamycin-and vehicle-treated mice as well as young controls (16-, 25-, and 34-month cohorts; Figure 4 , A-F). We observed the expected grip strength decline in all measures across all groups of aged mice. Rapamycin had no apparent protective effect on aging-associated grip strength loss. We also measured cross-sectional muscle fiber areas in quadriceps femoris muscle of rapamycin-or vehicle-treated aged mice and corresponding young controls (16-and 25-month cohorts; Figure 4 , G and H), which showed the expected agingassociated decrease in cross-sectional muscle fiber area. Rapamycin treatment did not ameliorate this aging trait, but rather led to a further decrement in muscle fiber area, at least in one of the cohorts.
Rapamycin did not improve age-related ophthalmological impairments. The most common aging-associated pathology in the anterior part of the eye is cataract formation (23) . We used Scheimpflug imaging to measure abnormalities in the anterior segment of the Figure 39 ) γ-H2A.X immunoreactivity in lung Increased γ-H2A.X immunoreactivity eye, including lens density, in animals of the 16-and 25-month cohorts. Vehicle-treated aged animals showed the expected clear increase in average lens density relative to young control mice, and this deterioration was not ameliorated by rapamycin treatment ( Figure 5A ). The posterior part of the eye was assessed using in vivo optical coherence tomography and histology, which demonstrated normal retinal thickness and apparently unaltered retinal vasculature in aged mice ( Figure 5B and data not shown). To test visual acuity, we subjected animals of the 16-and 25-month cohorts to the virtual drum vision test ( Figure 5C ). Visual acuity deteriorated with age in both cohorts, and rapamycin treatment failed to improve these age-related impairments. Rapamycin had limited effects on age-dependent functional and histopathological phenotypes in the cardiovascular system. Aging is associated with substantial changes in heart structure and function (24) . To examine cardiac aging phenotypes, we performed echo- Whisker plots display minimum, 25th percentile, median, 75th percentile, and maximum. P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font.
cardiography in rapamycin-and vehicle-treated aged mice and young controls. Echocardiographic studies were performed in 2 different settings. First, basic echocardiography was performed to determine heart dimensional measures in the aforementioned 16-and 25-month cohorts (see Supplemental Results and Supplemental Figure 2 ). To more fully explore cardiac physiology, we performed additional echocardiographic studies in another cohort of animals: 26-month-old animals in which rapamycin or vehicle treatment was started at 13 months of age, along with 3-to 4-month-old young controls fed vehicle diet. These additional studies included assessment of cardiac output, ejection fraction, and fractional shortening as well as measurements of flow velocities and pressure gradients across the aortic valve, pulmonary valve and mitral valve. Our results showed a number of functional alterations in aged mice, including reduced ejection fraction, reduced fractional shortening, and reduced pressure gradients and blood flow velocities across the aortic and pulmonary valves in aged animals compared with young controls ( Figure 6 and Supplemental Figure 3 ). Rapamycin treatment did not measurably improve these functional cardiac aging phenotypes, but instead reduced some functional cardiac outcome measures even further, such as ejection fraction and fractional shortening, although these differences did not reach statistical significance ( Figure 6 , A and B).
Next, we performed detailed histopathological assessments of the myocardium and the aortic vascular wall to identify possible effects of rapamycin on cardiovascular pathology associated with
Figure 3
Chronic rapamycin treatment resulted in aging-independent improvements of learning and memory. Learning and memory was examined in our aging cohorts using an object place recognition paradigm (A), the Morris water maze (B-D) and a context fear conditioning paradigm (E) (11- normal aging. As expected, aged mice showed significant myocardial pathology, including ventricular dilation, myocardial hypertrophy, myocardial infarction, fibrosis, and thickening of the heart valves (Supplemental Figure 5 and Supplemental Table 4 ), which did not appear to be improved by rapamycin and may have even been worsened in the 34-month cohort.
A hallmark of arterial aging in humans is atherosclerosis. Although atherosclerosis does not spontaneously develop in C57BL/6J mice, histopathological changes reminiscent of arterial precursor lesions (e.g., accumulation of glycosaminoglycans and chronic inflammatory infiltrates) do occur in mice (25) . Additionally, during aging, arteries lose their elasticity due to elastic fiber fragmentation and excessive collagen deposition in the arterial wall (25) . We performed histopathological analyses of aortic sections, assessing the arterial wall for the presence of degenerative changes (i.e., division and disorganization of elastic fibers and replacement of smooth muscle cells by mucinous substance). Our analyses revealed that aging was associated with the expected degenerative changes (Supplemental Figure 5 and Supplemental Table 5 ). We were not able to detect beneficial effects of rapamycin on aortic degeneration in our mouse cohorts (Supplemental Figure 5 and Supplemental Table 5 ), although larger sample sizes may be required to detect possible effects of rapamycin on aortic degeneration.
Rapamycin had no measurable effects on hepatic fibrosis, but appeared to reduce microgranulomas in the aged liver. Age-associated changes in the liver include fat accumulation, fibrotic changes, inflammatory/immune alterations, and cancers (26) . We performed histopathological assessment of liver-associated aging phenotypes in rapamycin-and vehicle-treated aged mice and young controls, including evaluation of liver steatosis, periportal fibrosis, polyploidy, hepatitis, and hepatic microgranulomas (Supplemental Tables 6-8 and Supplemental Figure 6 ). Logistic regression analysis indicated that aging was associated with a significant increase in the prevalence of periportal fibrosis and polyploidy (Supplemental Tables 6 and 7) . We were unable to discern significant effects of rapamycin on these hepatic aging phenotypes, although larger sample sizes would be needed to detect possible effects of rapamycin, if any, on these traits. However, rapamycin did show a trend toward attenuating the age-associated increase in hepatic microgranuloma prevalence. We did not test for agingindependent effects of rapamycin on hepatic microgranulomas, due to the relatively low prevalence of this pathology in young mice (Supplemental Table 8 ).
Rapamycin had aging-independent effects on thyroid follicle size. Agingrelated changes in the thyroid include increased follicle size and decreased colloid resorption, reflective of decreased thyroid activity in the aged animal (27) . We performed morphometric histopathological analyses to assess follicle size distribution in the thyroid of rapamycin-or vehicle-treated aged mice and young controls. Our analyses showed the expected aging-associated increase in thyroid follicle size, which was significantly decreased by rapamycin treatment ( Figure 7A and Supplemental Figure 7) . In order to determine whether these effects of rapamycin were related to modulation of aging or aging-independent effects on thyroid follicle size, we analyzed follicle size distribution in the young mice chronically treated with rapamycin or vehicle. Rapamycin similarly decreased thyroid follicle size in young animals ( Figure 7B ), which is consistent with the important role of PI3K/AKT/mTOR signaling in the regulation of thyroid follicle size (28) and indicates that these effects were aging independent.
Age-dependent thyroid pathologies include follicular cell hyperplasia and adenoma formation (29) . We assessed the frequency of these pathological lesions in rapamycin-or vehicle-treated aged mice and found an age-dependent increase in the prevalence of follicular cell hyperplasia and thyroid adenoma formation in our mouse cohorts (Supplemental Table 9 ). We were unable to detect a significant effect of rapamycin treatment on the prevalence of these pathologies; again, larger sample sizes may be needed for the detection of rapamycin's effects, if any, on this trait. Agingrelated histopathological alterations in the adrenal glands include adrenal adenomas, subcapsular cell hyperplasias, and lipofuscin depositions (29) . Advanced age was associated with nonsignificant increases in their prevalence (Supplemental Table 10 and Supplemental Figures 8 and 9 ).
Aging is associated with prominent deposition of lipofuscin within the adrenal gland parenchyma. We used morphometric histopathology to assess quantitatively the presence of lipofuscin deposits in the adrenal glands of rapamycin-or vehicle-treated aged mice and young controls. Statistical analyses of the data showed an increase in adrenal gland lipofuscin deposits in rapamycin-treated animals (Supplemental Figure 9 ), indicating that rapamycin did not ameliorate this histopathological phenotype.
Rapamycin counteracted a subset of age-related metabolic changes, but had no effect on others. Aged mice showed significantly increased body weight due to increased fat and/or lean mass (Supplemental Figure  10) . Rapamycin treatment tended to decrease body weight as well as fat and/or lean mass, at least in some cases (25-month cohort; Supplemental Figure 10 ). Studies in the young adult rapamycin-or vehicle-treated mice suggested body weight and lean mass reductions by rapamycin (Supplemental Figure 10) , indicating that the effects of rapamycin on these parameters are likely aging independent. Although we were unable to detect any effect of rapamycin on fat mass in young mice (Supplemental Figure 10) , previously documented direct effects of rapamycin on fat mass and adipogenesis (30, 31) caution against the conclusion that rapamycin's effects were aging dependent.
Next, we used indirect calorimetry to assess energy metabolism in rapamycin-or vehicle-treated mice of the 16-and 25-month Rapamycin did not improve age-related reductions in grip strength and cross-sectional muscle fiber area. (A-F) Aging-related decline in muscle strength was assessed using 2-paw (A, C, and E) and 4-paw (B, D, and F) grip strength tests in the 16-month (A and B; young control, n = 10; vehicle, n = 18; rapamycin, n = 20), 25-month (C and D; young control, n = 10; vehicle, n = 11; rapamycin, n = 16), and 34-month (E and F; young control, n = 10; vehicle, n = 9; rapamycin, n = 14) cohorts. (G and H) Muscle fibers were automatically identified on H&E-stained sections of quadriceps femoris muscle of the 16-month (G; young control, n = 786 muscle fibers from 5 mice; vehicle, n = 534 muscle fibers from 6 mice; rapamycin, n = 600 muscle fibers from 8 mice) and 25-month (H; young control, n = 330 muscle fibers from 6 mice; vehicle, n = 741 muscle fibers from 4 mice; rapamycin, n = 1,371 muscle fibers from 5 mice) cohorts using image segmentation and analysis software. Shown are examples of histological images and classification maps (generated via automated segmentation of histological images) along with quantification of cross-sectional muscle fiber area. Scale bar: 400 μm. Whisker plots display 25th percentile, median, and 75th percentile as well as minimum-to-maximum (A-F) or 10th to 90th percentile (G and H). P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font.
cohorts as well as young controls. O 2 consumption (and thereby energy turnover) was reduced in aged mice and was not improved by rapamycin treatment (Figure 8B and Supplemental Tables 11  and 12 ). Aged mice showed a reduced respiratory exchange ratio (RER; Figure 8C and Supplemental Tables 11 and 12) , indicating a proportional substrate preference toward lipid oxidation in aged mice. Rapamycin treatment restored age-related changes in RER to levels similar to those in young controls, at least in the 25-month cohort. Experiments in a young group of animals indicated no effects of rapamycin on RER in young mice ( Figure 8D ), suggesting that rapamycin may have influenced RER specifically in aged animals. Body temperature was significantly reduced in the 25-month cohort, and these age-related impairments in thermoregulation (32) were not corrected by rapamycin treatment ( Figure 8A and Supplemental Tables 11 and 12 ). In conclusion, rapamycin may counteract some of the metabolic effects associated with older age (i.e., altered RER), but had no effect on others (i.e., O 2 consumption and body temperature).
Rapamycin treatment affected age-related changes in T lymphocytes. Age-related immune dysfunction increases the prevalence of infection and autoimmune disease in the elderly and may also contribute to increased cancer risk in aged individuals (33) . Immune aging phenotypes include reduced thymic output, decreased naive T lymphocyte numbers, expansion of memory-type (CD44 hi ) T cells, reduced CD4/CD8 ratio, reduced NK cell frequency, increased granulocyte numbers, and increased levels of Igs (33) .
To test for alterations in these immune phenotypes, we performed 10-color polychromatic flow cytometry and quantified various immune cell populations in young and old mice ( Figure  9 and Supplemental Figures 11-13 ). We observed a strong agingrelated decline in the frequency of CD4 + T lymphocytes ( Figure  9A ). Aged mice showed the expected increase in the frequency of CD44 hi T cells (CD4 + and CD8 + ; Figure 9D and Supplemental Figures 11-13) , indicative of an activated/memory T cell phenotype. Rapamycin treatment did not restore the aging-associated decrease in CD4 + T cells, but reduced the number of CD44 hi T cells (CD4 + and CD8 + ) in the 16-month cohort. Additionally, rapamycin opposed aging-associated changes in the frequency of CD25 + CD4 + T cells in the 16-month cohort ( Figure 9B and Supplemental Figures 11-13 ), but not in the 25-and 34-month cohorts, in which rapamycin increased CD25 + CD4 + T cell frequency. We observed strong and consistent aging-associated reductions in the frequency of NK cells ( Figure 9F ), which were not modified by rapamycin.
In summary, our analyses revealed a set of effects of rapamycin that opposed aging phenotypes within the T lymphocyte compartment (i.e., effects on CD44 hi T cells, CD25 + CD4 + T cells, and γδ T cells). mTOR inhibition is well known to have a variety of effects on T lymphocytes, including a shift in CD44 expression (34) , which suggests that the observed effects on T cell aging phenotypes may reflect age-independent drug effects. To test for age-independent drug effects in our experimental setting, we performed flow cytometry in the young mice chronically treated with rapamycin or vehicle. These analyses revealed some of the same effects of rapamycin in young mice as in aging mice (decreased CD25 + CD4 + T cells; Figure 9C ), whereas other effects were not present (no decrease in CD44 hi T cell frequency; Figure 9E ). These data therefore indicate that a subset of the effects of rapamycin on T cell phenotypes, in particular the frequency of CD44 hi T cells, may have been specific to the 16-month cohort.
We performed Bioplex/ELISA to measure plasma Ig levels (IgM, IgA, IgG1, IgG2a, IgG2b, IgG3, and IgE), which are expected to increase with advanced age (Figure 10 and Supplemental Figures   14-16) . We found the expected increase in plasma Ig concentrations in aged mice. Rapamycin decreased Ig concentrations in some cases (Figure 10, A, D, and H) . The effects of rapamycin on plasma Ig concentrations in young mice were not assessed.
Rapamycin treatment had no apparent effect on most aging-associated changes in clinical chemistry parameters. We next performed clinical
Figure 7
Rapamycin decreased thyroid follicle size in an aging-independent manner. Thyroid follicles were automatically identified on H&E-stained thyroid sections using image segmentation and analysis software. Shown are examples of histological images and classification maps (generated via automated segmentation of histological images) along with quantification of follicle surface area. (A) Follicle size distribution in rapamycin-and vehicle-treated aged mice as well as young controls (young control, n = 1,428 follicles from 12 mice; 16-month vehicle, n = 566 follicles from 8 mice; 25-month vehicle, n = 241 follicles from 3 mice; 34-month vehicle, n = 440 follicles from 5 mice; 16-month rapamycin, n = 1,064 follicles from 10 mice; 25-month rapamycin, n = 277 follicles from 4 mice; 34-month rapamycin, n = 535 follicles from 8 mice). (B) Corresponding data from a comparison of young animals treated with rapamycin (n = 1,182 follicles from 8 mice) or vehicle (n = 1,543 follicles from 9 mice). Scale bars: 500 μm. Whisker plots display 10th percentile, 25th percentile, median, 75th percentile, and 90th percentile. P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font. chemistry studies (Figure 11 and Supplemental Figures 17-19 ). Our main findings were clear aging-related changes in concentrations of plasma sodium, calcium, and chloride (increased), glucose (decreased), and triglycerides (decreased), in line with previously reported aging effects (35) . Moreover, old mice showed increased alkaline phosphatase and α-amylase levels in their plasma, in line with previously published data (35) . Rapamycin treatment had by and large no measurable effect on aging-related alterations in clinical chemistry measures, with only 2 exceptions in the entire clinical chemistry dataset. First, rapamycin decreased unsaturated iron binding capacity (which was increased in the 34-month cohort). Second, in the 16-month cohort, rapamycin increased plasma glucose levels (which decreased in aged mice). These effects of rapamycin, however, most likely represent aging-independent drug effects: unsaturated iron binding capacity was also decreased by rapamycin in young animals (data not shown). Treatment with rapamycin or other mTOR inhibitors is known to induce insulin resistance and hyperglycemia (36) . In agreement with this notion, we observed that rapamycin exacerbated age-related glucose tolerance impairments in rapamycin-treated animals of the 16-month cohort (Supplemental Figure 20) .
Because steroid hormone concentrations are known to decline with age (37), we measured plasma corticosterone, androstenedione, and testosterone levels. Aging was associated with decreased androstenedione and/or testosterone plasma levels, which were not corrected by rapamycin treatment (Supplemental Tables 13-15) .
Rapamycin increased rbc counts via aging-independent mechanisms and had no effect on elevated leukocyte and platelet numbers in aged mice. Aging in C57BL/6J mice is known to be associated with altered cellular composition of the peripheral blood (35, 38) . We therefore included basic hematological assessments of rapamycin-or vehicle-treated aged mice and young controls. Platelets and leukocytes were elevated in aged animals, without apparent effects of rapamycin on this phenotype ( Figure 12 , A and B). Our studies also revealed reduced rbc counts, associated with decreased mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH), in aged mice ( Figure 12C and Supplemental Figures  21-23 ). We observed increased rbc distribution width (RDW) in aged animals, indicative of a higher degree of anisocytosis. Our observations are consistent with known aging effects on blood cell counts (35, 38) . Notably, rapamycin-treated animals of the 16-month cohort showed erythrocyte counts indistinguishable from those of young controls ( Figure 12C and Supplemental Figure 21) . However, chronic rapamycin treatment was previously shown to increase rbc counts in young animals (i.e., apart from any aging-related changes) (39) . To test for aging-independent effects of rapamycin on rbc counts in our setting, we analyzed the young mice chronically treated with rapamycin or vehicle; rapamycin also tended to increase erythrocyte counts in these animals ( Figure  12D ). Thus, the effects of rapamycin in aged animals are likely not linked to aging per se, but are instead aging-independent effects on erythrocyte production and/or turnover.
Rapamycin treatment was associated with considerable nephro-and gonadotoxicity. During assessment of histopathological aging phenotypes in kidneys and the male reproductive tract, we noted signs of considerable nephro-and gonadotoxicity (see Supplemental Results, Supplemental Figures 24-28 , and Supplemental Tables  16-18 ). Additional side effects observed in rapamycin-treated animals were impaired glucose tolerance (Supplemental Figure 20) and hypercholesterolemia (Supplemental Figure 17) .
Additional analyses. Additional analyses revealed only marginal or no effects of aging on the respective measures (Supplemental Results, Supplemental Figures 29-39, and Supplemental Tables 19-23).
Rapamycin suppressed carcinogenesis in aging mice. Rapamycin is well known to suppress the de novo formation of cancers, as well as corresponding precursor lesions, and also has inhibitory effects on established tumors (12) (13) (14) . Accordingly, rapamycin has been found to extend lifespan and reduce tumor burden in mouse lines with a range of early-onset cancers (40, 41) . Cancers are the leading cause of death in many mouse strains, including C57BL/6J and all strains in which rapamycin was previously shown to have longevity effects (9, 15) , which indicates that rapamycin's antineoplastic properties may underlie its longevity effects in mice. We therefore sought to determine whether rapamycin suppresses carcinogenesis Effects of rapamycin on RER in young mice (control, n = 9; rapamycin, n = 8). Whisker plots display minimum, 25th percentile, median, 75th percentile, and maximum. P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font. See Supplemental Tables 11 and 12 for complete findings.
in our aging mouse cohorts. We determined the number of animals presenting with cancers and/or precancerous lesions upon pathological assessment. Young controls were consistently devoid of cancers and precancerous lesions. We detected several cancers in aged mice, including hepatocellular carcinoma, lymphoma, histiocytic sarcoma, bronchoalveolar adenocarcinoma, and follicular adenocarcinoma of the thyroid, as well as precancerous lesions (pancreatic ductal metaplasia) (Supplemental Figure 40 and Supplemental Table 24 ). Rapamycin significantly reduced the proportion of aged mice presenting with cancers and/or precancerous lesions upon pathological assessment in the 16-month cohort (vehicle, 4 of 10; rapamycin, 0 of 15; P = 0.0166, Fisher exact test), but had no measurable effect in the 25-month cohort (vehicle, 1 of 5; rapamycin, 2 of 8; P = 1.0, Fisher exact test) or the 34-month cohort (vehicle, 1 of 5; rapamycin, 3 of 10; P = 1.0, Fisher exact test). Note that a considerable proportion of animals in the latter 2 cohorts died during the course of the study (of natural causes) and were therefore not available for pathological assessment at conclusion of our study (dropout due to death, 25-month vehicle, 55%; 25-month rapamycin, 38%; 34-month vehicle, 54%; 34-month rapamycin, 44%; 16-month vehicle, 20%; 16-month rapamycin, 5%). The interpretation of the cancer data from 25-and 34-month cohorts is therefore complicated by relatively small sample size and a selection bias toward animals that did not perish prior to pathological assessment (with cancers representing the main causes of death in C57BL/6J mice). Our data are in line with prior reports of delayed cancer-caused death in rapamycin-treated aging mice (9, 10) and support the view that lethal neoplastic disease is delayed in rapamycin-treated animals during the course of normal aging.
Discussion
Rapamycin was recently shown to increase lifespan in mice (9, 10) . In principle, lifespan extension could have been related either to isolated effects on specific life-limiting pathologies, in particular cancers, or to cancer-suppressive effects of rapamycin, which are part of broader effects against aging in mice. In the present study, we tested whether rapamycin slows mammalian aging rates by assessing this compound's effects on a wide range (one of the most comprehensive published to date) of functional and structural aging phenotypes in C57BL/6J mice. We observed a large number of aging phenotypes that were not improved by rapamycin in any apparent and measurable way (Table 2) , which indi- another recent report that also demonstrated aging-independent enhancements of learning and memory by chronic rapamycin treatment (20) . Consistent with a recent report by Miller and colleagues (10), we found rapamycin to increase exploratory activity in aged animals. However, rapamycin also increased exploratory activity in young mice in our study, indicative of another agingindependent effect, rather than an effect on aging per se. Chronic rapamycin treatment has been shown to elevate monoamine levels (dopamine, norepinephrine, and serotonin) in the midbrain, which may contribute to the improvements in learning and memory (20) and may also explain rapamycin's stimulatory effect on exploratory activity (42) .
We observed reduced rbc counts in aged mice that were elevated by rapamycin treatment. Consistent with a prior report of increased rbc counts by rapamycin treatment in young animals (39) , our data showed a trend toward elevated rbc counts in treated young mice. Advanced age was associated with an increase in cated that rapamycin did not prevent the signs and symptoms of aging in a universal fashion.
We also identified a number of aging phenotypes that were restored by rapamycin, at least partially (Table 1) . It is possible that rapamycin modulates these traits by slowing aging-related processes; alternatively, rapamycin may influence these traits in a direct way, without actually modulating aging (i.e., aging-independent effects). To distinguish between these possibilities, we examined whether rapamycin affects the respective phenotypes in young mice. Traits that were similarly affected in young and aging cohorts would likely be influenced in a direct way, not via modulation of aging itself.
In a number of these cases, we observed similar effects of rapamycin in young and aging animals, which indicated that rapamycin acted in an aging-independent manner. For instance, rapamycin enhanced spatial learning and memory if chronically administered during aging, but it had similar effects in young mice, in line with
Figure 10
Rapamycin partially counteracted age-associated increases in plasma Ig concentrations. Plasma Ig levels in the 16-month (A and B) and 34-month (C-H) cohorts. Whisker plots display minimum, 25th percentile, median, 75th percentile, and maximum. P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font.
or the absence thereof. We have therefore reported 95% confidence intervals of fit coefficients and odds ratios throughout in order to help assess the strength of the data. In cases with wide confidence intervals, larger sample sizes may be needed to extract possible effects of rapamycin.
A recent study by Wilkinson et al. (16) addressed the question of whether rapamycin slows aging by studying a number of agerelated phenotypes in a population of genetically heterogeneous mice. In their study, rapamycin improved the following age-associated phenotypes: hepatic lipidosis, atypical nuclei in cardiomyocytes, endometrial cystic hyperplasia, adrenal tumors, changes in mechanical tendon properties, and reduced motor activity levels.
Comparing our dataset with that of Wilkinson et al., a few phenotypes assessed by both studies show clear-cut effects. There is agreement on adverse testicular side effects of rapamycin treatment in exposed males, and both studies report increased motor activity in rapamycin-treated aged animals. In contrast to Wilkinson et al., we found no worsening of cataracts under rapamycin treatment. Discrepancies in findings may be related to different genetic backgrounds used -C57BL/6J mice (present study) versus Treg (CD25 + CD4 + ) frequency, a change that was counteracted by rapamycin in the 16-month cohort. However, rapamycin had similar effects on Tregs in young mice, indicative of further agingindependent drug effects.
Few of the tested effects of rapamycin in our dataset were seen only in aged mice, not in young animals (RER, fat mass, γδ T cells, and CD44 hi T cells); however, previous reports have shown agingindependent effects of mTOR inhibition on CD44 expression in T lymphocytes and fat mass (30, 31, 34) . Together, our present data and the considerations outlined above strongly support the view that the bulk of the rapamycin-modulated aging traits we observed were related to aging-independent effects of the drug and not caused by rapamycin's effects on aging itself.
Our study has several limitations. We assessed only a single inbred mouse strain and gender (i.e., male C57BL/6J mice); it is possible that rapamycin has more effective healthspan effects in other strains and/or in female. Moreover, some of our analyses, particularly some of the count-based histopathological analyses in the older cohorts, are limited, as sample sizes were too low to draw definitive conclusions about possible effects of rapamycin tive littermate controls; thus, it is currently unknown whether the observed effects are due to slowed aging or represent agingindependent consequences of S6k1 deletion. In fact, there is overlap between the age-related phenotypes reported by Selman et al. to be influenced by S6k1 deletion (45) and those we found to be influenced by chronic rapamycin treatment, namely, exploratory activity and CD44 hi T cell count. As discussed above, the effect on exploratory activity in our study reflected an aging-independent consequence of rapamycin treatment.
Our data indicated that the longevity effects of rapamycin are not associated with broad modulation of aging. Therefore, the present results best fit a model in which rapamycin has limited effects on mammalian aging itself and extends lifespan via inhibition of specific pathologies that limit life in aged animals. Neoplastic disease is an obvious suspect, because malignant neoplasias are the leading cause of death in many mouse strains, including all strains in which longevity effects have been demonstrated for rapamycin (9, 15) . In the recent study by Miller et al. (using genetically heterogeneous mice; ref. 10), 95.6% of control animals and 88.6% of rapamycin-treated animals had neoplastic disease as their likely cause of death. Both vehicle-and rapamycin-treated animals eventually died of cancers, but controls did so at younger ages (10) . mTOR-related cell signaling plays an important role in multiple steps of carcinogenesis, including the establishment of precancerous lesions, their progression to cancer, and subsequent cancer growth (12) (13) (14) . Accordingly, rapamycin has inhibitory effects on de novo cancer formation and also inhibits the progression of malignant neoplastic disease by suppressing cancer growth and, additionally, modifying host responses to cancer (e.g., angiogenesis) (12) (13) (14) . The present study demonstrated that cancers and precancerous lesions were less frequent in rapamycin-treated mice of the 16-month cohort than in corresponding age-matched controls. Our data, together with known effects of rapamycin on carcinogenesis and the NIA Interventions Testing Program's cause-of-death data in aging rapamycin-treated mice mentioned above (10), support a model wherein rapamycin delays the onset and/or slows the progression of eventually lethal neoplastic disease. Possible effects of rapamycin on non-neoplastic causes of death are less likely to have contributed to the drug's reported longevity effects (having accounted for a small fraction of deaths in these populations; see above). However, future studies should test whether rapamycin also extends lifespan in mouse strains (or other mammalian species) that die predominantly due to non-neoplastic pathology.
In summary, our findings confirmed the extension of mammalian lifespan by rapamycin. However, rapamycin had limited effects on a large number of murine aging phenotypes. Although age-related changes in several traits were opposed by rapamycin, this was often due to aging-independent drug effects (i.e., similar effects of rapamycin were observed in young mice), which india stock of genetically heterogeneous mice (16) -or technical differences in the assessment of lens densities -Scheimpflug imaging with computer-assisted automated measurements of lens density (present study) versus traditional slit lamp examination with investigator-based rating of lens densities (16).
Rapamycin's effects on aging traits in the Wilkinson et al. study were not tested for the possible aging-independency of the effects (16) . The effects on liver lipidosis, for example, could be explained by aging-independent drug effects, given that mTORC1 signaling plays an important role in lipid biogenesis (43) . Aging-independent effects of rapamycin could also explain the inhibition of endometrial hyperplasia: inactivating mutations in Tsc2, an important mTOR repressor, were shown to result in endometrial hyperplasia, which could then be suppressed by pharmacological mTOR inhibition (44) . In the present study, we showed that rapamycin had stimulatory effects on exploratory activity, not only if applied for extended periods during aging, but also if applied during young adulthood, which indicates that this effect of rapamycin is aging independent. It will therefore be important to address which of the phenotypes in the Wilkinson et al. study (16) may be related to aging-independent effects of rapamycin.
Genetic deletion of S6k1, a downstream effector in the mTORC1 signaling pathway, was found by Selman et al. to extend lifespan in female C57BL/6J mice (45) . Moreover, the authors demonstrated that 600-day-old S6k1 -/-mutants showed improvement in several aging-associated phenotypes, such as impaired motor coordination, reduced exploratory activity, reduced bone volume, and elevated CD44 + T cell counts (45) . This analysis did not include a comparison of young adult S6k1 -/-mutants with the respec- Whisker plots display minimum, 25th percentile, median, 75th percentile, and maximum. P values and fit coefficients with 95% confidence intervals are shown; statistically significant differences (P < 0.05) are denoted by bold font. See Supplemental Figures 21-23 for complete hematology results.
bottles) that were placed in defined locations of the test arena. On the next day, a 6-minute test session was performed, during which the position of one of the objects was changed, while the position of the other remained unaltered. An automated tracking system (Ethovision XT; Noldus) was used to monitor and record the behavior of the animals. The time the animals spent exploring the object in the novel location and the known location during the test was hand-scored by an experienced observer from the videotape.
Hidden version of the Morris water maze. The water maze was performed essentially as previously described (48) . Each animal received 6 daily training trials in the hidden version of the Morris water maze (in blocks of 2 consecutive trials) for 5 consecutive days. Training trials were completed when mice climbed on the escape platform or when 1 minute had elapsed, whichever came first. To evaluate the accuracy with which the animals had learned the position of the escape platform, we performed a probe trial after completion of training. We determined the time that mice spent searching in the target quadrant (which previously contained the escape platform) or the other quadrants during the probe trial. Additionally, we analyzed the number of crossings of the exact target location (i.e., where the platform was during training) and compared it with crossings of analogous positions in the other quadrants.
Context fear conditioning. A near infrared video fear conditioning system (Med Associates) was used to test context fear conditioning. The training session was 184 seconds total duration; 2-second, 0.75-mA shocks were delivered via the metal grid floor of the chambers after 60 and 122 seconds. A single test session was given on the next day, during which animals were placed in the chamber for 180 seconds to record behavior. To evaluate conditioned fear, we calculated activity suppression ratios for each animal as (activity during test)/(activity during test + activity during baseline).
Open field. The test apparatus (ActiMot; TSE) was a transparent and infrared light-permeable acrylic test box (45.5 cm × 45.5 cm × 39.5 cm internal measurements) equipped with 2 pairs of light-beam strips. Animals were allowed to freely explore the test arena for 20 minutes. Illumination levels were set to approximately 150 lux in the corners and 200 lux in the middle of the test arena. Parameters analyzed were total distance traveled and number of rearings.
Modified SHIRPA. We used a modification of the SHIRPA screen (49) to assess 23 parameters related to neurological functions and general health as previously described (http://www.har.mrc.ac.uk/services/phenotyping/ neurology/shirpa.html) (46, 47) .
Rotarod. An accelerating rotarod (Bioseb) was used to measure motor coordination, balance, and motor learning abilities (50) . Mice were placed on the rotarod, and the rod rotations were subsequently accelerated from 4 to 40 rpm during the 5-minute trial period. Trials were terminated when animals fell off the rod or showed passive cycling or when 5 minutes had elapsed, whichever came first. Animals were given 3 trials, with intertrial intervals of 15 minutes. Latencies to fall were analyzed across groups using linear mixed-effects models that consider effects of body weight variation.
Hot plate test. Mice were placed on a metal surface maintained at 52°C ± 0.2°C (hot plate system; TSE). Locomotion on the hot plate was constrained by a circular Plexiglas wall (20 cm high, 18 cm diameter). Mice remained on the plate until they performed 1 of 3 behaviors regarded as indication of a painful sensation: hindpaw licking, hindpaw shake/flutter, or jumping. To avoid tissue injury, a 30-second cutoff time was used.
Grip strength. A grip strength meter system (Bioseb) was used to assess grip strength in rapamycin-or vehicle-treated aged mice as well as young controls. Mice were allowed to hold on to the grid with either 2 or 4 paws (for 2-paw and 4-paw grip strength measurements, respectively). Each mouse was given 3 trials over the course of 1 minute, and average values were used to represent the grip strength of an individual mouse.
cates that rapamycin influenced these traits in a direct way and not by slowing aging. Our data therefore seem to largely dissociate rapamycin's longevity effects in mice from effects on aging itself.
Methods
Mice. Male C57BL/6J Rj mice were obtained from Janvier and randomly assigned to rapamycin or vehicle treatment groups. We had 3 aging treatment cohorts, distinguished by age of treatment onset. Treatment was initiated in young adulthood (approximately 4 months of age; n = 20 per treatment group), in midlife (13 months of age; n = 21 per treatment group), or late in life (20-22 months of age; n = 27 per treatment group). Animals were treated for >12 months before analyses started at 16, 25, and 34 months of age, respectively. Animals were kept on their respective diet for the entirety of the study. In all cases, the experimenter was blinded to the animal group assignments.
Initial behavioral studies were performed at the DZNE/Bonn (object place recognition, Morris water maze, and context fear conditioning). Animals were subsequently shipped to the German Mouse Clinic (46, 47) for additional analyses (16-month vehicle, n = 19; 16-month rapamycin, n = 20; 25-month vehicle, n = 12; 25-month rapamycin, n = 16; 34-month vehicle, n = 11; 34-month rapamycin, n = 16). Cohorts were analyzed separately, each side by side with a group of young adult (3-6 months old) male C57BL/6J Rj mice (Janvier) kept on vehicle control diet (n = 10). The following analyses were performed, in the order described (46, 47) : open field, modified SHIRPA, rotarod, hot plate test, indirect calorimetry, NMR-based body composition analysis, awake echocardiography, Scheimpflug imaging, optical coherence tomography, virtual drum vision test, clinical chemistry, hematology, FACS analysis of peripheral blood leukocytes, Bioplex ELISA (Ig concentrations), steroid metabolism, pathology.
Parameters that were altered by aging and that appeared to be rescued by rapamycin (i.e., aging and rapamycin had oppositional effects on the parameters) were further assessed in groups of young adult mice in order to test for aging-independent effects of rapamycin. For the water maze experiment, we used male C57BL/6J Rj mice (n = 15 per group) that had been on rapamycin or vehicle treatment for 6 weeks prior to the experiment (6 months of age at start of treatment). For all other experiments, 12-weekold male C57BL/6J Rj mice were placed on rapamycin (n = 8) or vehicle control diet (n = 9) for a 3-month period prior to analysis.
Mice were housed under SPF conditions in groups of 2-5 per cage. We kept animals on a 12-hour light/12-hour dark cycle. Mice received water and food ad libitum. Local and federal regulations regarding animal welfare were followed.
Rapamycin treatment. Rapamycin treatment was essentially as previously described (9) . In brief, rapamycin was purchased from LC Laboratories and microencapsulated by Southwest Research Institute using a spinning disk atomization coating process, with Eudragit S100 (Röhm Pharma) as the coating material. TestDiet provided Purina 5LG6 food containing encapsulated rapamycin or just the coating material (vehicle control). The encapsulated rapamycin was administered at 14 mg/kg food.
HPLC-based detection of rapamycin. Rapamycin concentrations were measured in whole blood and tissue lysates prepared from brain, kidney, liver, muscle, heart, and visceral fat of 22-month-old animals that had been on rapamycin or vehicle diet for 5 months. After protein precipitation, rapamycin was separated from matrix components by reversed-phase HPLC on a C8 column using the Agilent 1100 binary pump system. After electrospray ionization, selected ion fragments were detected and quantified in the API4000 triple-quadrupole tandem MSMS (Applied Biosystems/Sciex).
Object place recognition. After handling and habituation to the empty test arena, mice were subjected to a single 16-minute training session, during which they were allowed to explore freely 2 identical objects (small glass ment of cellular immune aging phenotypes (i.e., quantitative assessment of leukocyte populations). Another smaller portion was collected (using the same capillary) in an EDTA-coated tube (no. 078035; KABE) and used for hematological assessments.
Clinical chemistry. Clinical chemistry assessment was performed using a Beckman-Coulter AU 480 autoanalyzer and reagents from BeckmanCoulter (except free fatty acids, which were measured using kit NEFA-HR2 from Wako Chemicals, and glycerol, which was measured using a kit from Randox Laboratories) as previously described (46, 47) .
Glucose tolerance test. For the intraperitoneal glucose tolerance test, food was withdrawn for 16-18 hours overnight. For determining the basal blood glucose level of unfed mice, the tip of the tail was scored using a sterile scalpel blade, and a small drop of blood was analyzed with the Accu-Chek Aviva glucose analyzer (Roche). Mice were then injected intraperitoneally with glucose (2 g/kg body mass) using a sterile 20% glucose solution (B. Braun). 15, 30, 60, and 120 minutes after glucose injection, additional blood samples (1 drop each) were collected and used to determine blood glucose levels.
Hematology. EDTA-blood was used to measure basic hematological parameters with a blood analyzer (ABC-Blutbild-Analyzer; Scil Animal Care Co.) as previously described (46, 47) .
FACS-based analysis of peripheral blood leukocytes. These analyses were performed as previously described (46, 47) . In brief, peripheral blood leukocytes were stained with fluorescence-conjugated monoclonal antibodies (BD Biosciences -Pharmingen), and samples were analyzed using a 3-laser, 10-color flow cytometer (LSRII, BD; Gallios, Beckman Coulter). Ig concentrations. Plasma levels of IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA were determined simultaneously in the same sample using a beadbased assay with monoclonal anti-mouse antibodies conjugated to beads of different regions (Biorad) and a Bioplex reader (Biorad). Plasma was also analyzed for total IgE, using a classical immunoassay isotypespecific sandwich ELISA.
Steroid metabolism. Steroids were quantified in plasma using a validated high-throughput LC-MS/MS method that combines HPLC (Shimadzu Prominence) and the use of a Triple Quadrupol Mass Spectrometer (4000 QTrap; ABSciex). Sample preparation and LC-MS/MS measurements were as described previously (55) .
Indirect calorimetry and body composition analysis. Metabolic assessments were performed as described previously (46, 47) . In brief, each mouse was placed individually in a metabolic cage for a period of 21 hours with free access to food and water. High-precision CO2 and O2 sensors measured the difference in CO2 and O2 concentrations in air volumes flowing through individual cages. The following parameters were calculated from these measures: O2 consumption, RER (calculated as VCO2/VO2), heat production (HP; calculated as [4.44 + (1.43 × RER)] × VO2, and expressed in mW). Additionally, we determined total daily food intake and rectal body temperature, as well as physical activity (distance travelled and number of rearings) using infrared light beam frames set up around the cages.
Pathology. Mice were sacrificed with CO2, then analyzed macroscopically and weighed (http://eulep.pdn.cam.ac.uk/Necropsy_of_the_Mouse/ index.php). After complete dissection, all organs were fixed in 4% buffered formalin and embedded in paraffin for histological examination. 4-μm-thick sections from skin, heart, muscle, lung, cerebrum, cerebellum, thymus, spleen, cervical lymph nodes, trachea, thyroid and parathyroid glands, adrenal glands, esophagus, stomach, intestine, liver, gall bladder, Echocardiography. Echocardiography on the 16-and 25-month cohorts was performed at the German Mouse Clinic in Munich. Left ventricular function was evaluated by transthoracic echocardiography, using a Vevo 2100 Imaging System (Visual Sonics) with a 30-MHz probe. Examinations in Munich were performed on conscious animals. Left ventricular parasternal short-and long-axis views were obtained in B-mode imaging, and left ventricular parasternal short-axis views were obtained in M-mode imaging at the papillary muscle level. The short-axis M-mode images were used to measure left ventricular end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal diameter (LVESD), diastolic and systolic septal wall thickness (SWT), and diastolic and systolic posterior wall thickness (PWT) in 3 consecutive beats, according to the American Society of Echocardiography leading edge method (51) .
Cardiac Doppler-Echocardiography in Münster was performed on a specialized ultrasound system (VEVO 2100; VisualSonics). In Münster, another cohort was assessed: 26-month-old mice in which rapamycin or vehicle treatment had been initiated at 13 months of age, and 3-to 4-month-old young controls. Examinations were performed as previously described (52) . In brief, following induction of anesthesia with isoflurane (2.0% isoflurane, 98% O2), examinations were performed with the system's 30-MHz linear probe. ECG-triggered parasternal short-axis views were obtained together with a parasternal long-axis view. Routinely pulsed-wave Doppler signals of the velocity time integral of the mitral valve inflow, the aortic outflow, and the pulmonic outflow were obtained. Ultrasound image analyses were performed according to the American Society of Echocardiography (ASE) leading edge method (51) using the VEVO 2100 implemented image analyses software.
Scheimpflug imaging. Images of corneas and lenses were taken with the Pentacam digital camera system (Oculus). Mice were held on a platform such that the vertical light slit (light source: LEDs, 475 nm) was orientated toward the middle of the eyeball. Distance between eye and camera was adjusted with the help of the software provided in order to guarantee optimal focus. Subsequently, measurements were started manually. Mean density across the lens was quantified with the densitometry tool provided. In addition to the quantitative assessment of lens density, we examined qualitatively the morphology of cornea and lens.
Optical coherence tomography. Eye fundus and retina were analyzed with a Spectralis OCT (Heidelberg Engineering) modified with a 78-diopter double aspheric lens (Volk Optical) fixed directly to the outlet of the device. A contact lens with a focal length of 10 mm (Roland Consult) was applied to the eye of the mouse with a drop of methylcellulose (Methocel 2%; OmniVision). Eyes were treated with 1% atropine to ensure pupil dilation. Images were taken as described previously (53) . The parameters evaluated were number of main blood vessels (fundus), retinal thickness, and morphology of retinal layers.
Virtual drum vision test. Vision tests were performed using a virtual optomotor system (Cerebral Mechanics) as described previously (54) . Briefly, a rotating cylinder covered with a vertical sine-wave grating was calculated and drawn in virtual 3-dimensional space on 4 computer monitors facing to form a square. Visually unimpaired mice track the grating with reflexive head and neck movements (head-tracking). Vision threshold was quantified by a randomized simple staircase test. Rotation speed and contrast were set to 12.0 d/s and 100%, respectively.
Blood collection. Blood samples were taken from isoflurane-anesthetized mice by puncturing the retrobulbar sinus with nonheparinized glass capillaries (Neolab). Blood samples collected from ad libitum-fed mice were divided into 2 portions. The major portion was collected in a heparinized tube (Li-heparin, no. 078028; KABE). Plasma from this portion was used for Ig concentration measurement, clinical chemistry assessment, and steroid level measurement. The cell pellet was used for FACS-based assess-ficient. For analysis of count-based data (such as much of the histopathological data), we used regular or ordered logistic models as appropriate. Analysis of data from young animals treated with rapamycin or vehicle was by unpaired 1-tailed t test, unless stated otherwise. A P value less than 0.05 was considered statistically significant.
Study approval. The present study was approved by "Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen" (Recklinghausen, Germany) as well as "Regierung von Oberbayern" (Munich, Germany).
